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Statement of the problem studied

The implementation of RF Photonics systems require the realization of electro-optic (EO)
modulators that can provide low switching voltages. The current EO modulators based on
LiNbO3 have reached their performance limits in terms of switching voltages. The main
goals of this project is to realize EO modulators based on self-assembled superlattice (SAS)
organic polymers, which will solve the problems facing current poled-polymers organic
modulators in terms of manufacturability.

Summary of the most important results

1.
2.

ANl

10.

11.

Achieved expeditious, two-step growth of robust, structurally regular, acentric SAS.

No external electric field poling needed for the achievement of nonlinearity of SAS thin
films.

Automated growth apparatus implemented for SAS structures.

Metal oxide layer incorporation demonstrated for index tuning of SAS thin films.
Introduction of high-response chromophores into SAS structures.

Introduction of fast vapor phase deposition methods for the growth of EO active thin
films.

Demonstrated long-term stability, thermal stability, and irradiation stability of SAS thin
films.

All polymer waveguides demonstrated good transparencies (0.5 dB/cm) from 350nm to
1650nm covering OFC wavelengths.

Fabrication and characterization of prototype EO modulators using three-step and novel
expeditious two-step grown SAS.

Fabrication and characterization of prototype EO modulators using vapor phase deposited
EO active thin films of DTPT and PEPCOOH.

Different waveguide structures for low loss, strong mode confinement, integration with
semiconductor substrates and industrial techniques.
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Appendixes

Appendix A. Introduction

The formation of functional nanoscale multimolecular organizates and the efficient
translation of molecular properties into macroscopic observable responses are topics of great
current interest. A high level of structural control at nanoscale dimensions is a necessary
requirement to exert full control over numerous materials properties (such as optoelectronic
etc.). Many factors at the molecular level (e.g., molecular architecture and electronic
structure, reactivity, electrostatics, hydrogen bonding, van der Waals interactions, etc.) play
an essential role in the design and build-up of structures with elaborate architectural
complexity. Crystal engineering, Langmuir-Blodgett (LB) deposition, as well as SA and self-
organization, are only a few contemporary examples of many rational approaches to
amplifying molecular properties and inducing order and intermolecular communication in
condensed molecular matter. In this regard, the formation of device-quality photonic
molecular materials represents one promising direction in the scientific quest to gain greater
temporal and spacial control over the propagation of light waves in the condensed state.
Molecular electro-optic materials offer a particular synthetic challenge since organizing large
hyperpolarizability (hence dipolar) building blocks into acentric microstructures doubtless
incurs large thermodynamic challenges. Nevertheless, substantial progress has been made
using electric field processing of glassy polymers, Langmuir-Blodgett film growth, and the
self-assembly of covalently interconnected superlattices. In addition to fundamental scientific
motivation, the successful formation of high response molecular assemblies with acceptable
robustness, transparency, and processing characteristics could lead to novel low switching
voltage/large bandwidth electro-optic (EO) light modulators and related devices, promising
greatly increased rates of information transmission by enhancing speed, capacity, and
bandwidth for optical data networking and telecommunications.

For the above reasons, development of efficient synthetic approaches to the growth and
modification of structurally elaborate photonically/electronically functional superlattices
with excellent optical, thermal, and chemical properties is of particular scientific interest and
potential utility. Among the aforementioned, layer-by-layer siloxane-based SA approaches
offer lots of advantages: i) SASs offer far higher EO coefficients and lower dielectric
constants than established inorganic materials (e.g., LiNbOs3); 1ii) The chromophores are
covalently linked to the substrates, and the films are closely packed and robust. Molecular
orientation is intrinsically acentric, and post-deposition processing steps such as poling are
not necessary; iii) Chromophore orientation is locked into place with strong covalent bonds,
hence the microstructural orientation is very stable; iv) Precise control of film refractive
index can be achieved at the sub-wavelength molecular level; v) Absorption bands can be
tuned by implanting various building blocks; vi) Large area films can be easily prepared; vii)
Chromophore arrays can be fabricated on silicon or a variety of related substrates, allowing
ready device integration and therefore significantly reduced device design complexity.



EO modulator is one the key active components in the optical fiber communications system.
Organic materials have several advantages (lower dispersion, higher modulation frequency,
and lower power of operation) compared with inorganic materials for application in EO
devices.

The fabrication and characterization of EO modulators based on novel organic electro-optic
materials composed of self-assembled superlattices will be discussed. The SAS structures
are intrinsically acentric and exhibit large second harmonic generation and electro-optic
responses. This approach using SAS electro-optic materials has advantages such as not
requiring poling for creating nonlinearity in the films and efficient film growth on a variety
of substrates over large areas. SAS thin films demonstrate long-term stable EO coefficient,
and photo-stability at communications wavelengths.

Appendix B. Device Development

Device design, fabrication, test, and materials characterization will be discussed in this
section.

B.1. Device Design

Waveguide, optical mode, metal loss, and

phase matching, factor critical to high I II II1

speed application, will be discussed in ~ Au
this subsection. CYTOP

B.1.1. Ridge waveguide and metal loss BCB

An efficient numerical method for BCB

calculating transverse electric (TE) and
transverse ~ magnetic (TM)  modal
properties has been developed and used
for the characterization of planar
waveguides with loss parameters. Ridge
waveguide structure can be evaluated by
using the effective index method to

Lower Cladding AX

GaAs Au

incorporate second dimension, and the Figure B-1. Cross-section of a
results were in good agreement with waveguide EO modulator.
those yielded from sophisticated BPM

methods.

The cross-section of a typical ridge waveguide is shown in Figure B-1, with the bottom
electrode located under the lower cladding layer, and the top electrode above the top
cladding layer.

The optical modes propagating in the waveguide may be calculated by the beam propagation
method (BPM). As a good estimation, in order to find the single mode condition for the
ridge waveguide, the ridge waveguide is divided into a central region (region II) and two
lateral regions (regions I and III). For each of the three regions, we used an approach that
treats the region as a multilayer planar waveguide, and applied transfer matrices that connect



adjacent layers. Effective TE (or TM) mode refractive indices may be obtained for each
region. The resultant effective
indices for the three regions are used
as TM (or TE) refractive index
parameters of a symmetric three-layer
waveguide having guiding layer
thickness f,. The thickness of the
cladding layers was chosen to let the
metal loss induced by the electrodes
be lower than 0.5 dB/cm. Figure B-2
shows the bottom metal loss versus
the core layer thickness of an EO
modulator with 1.4 microns top ]
C]adding layer of CYTOP. 08 10 11 12 13 14 15 16 17 18 19

Core layer thickness (um)

B.1.2. Phase matching Figure B-2. Bottom metal absorption loss vs.
Since the rqfractwe indices of  \aveguide core layer thickness. Hollow circle,
polymer materials have much less  go)id triangle correspond to 2.5 um, 2.7 um SiO,

dispersion with respect to th? Change bottom cladding layers. CYTOP is 1.4 um thick.
of the wavelength than inorganic

materials, it is expected that EO

modulators based on polymers will have high radio frequency (RF) bandwidth. For high-
speed EO modulation application, the mismatch between optical and radio frequency (RF)
waves is a factor needed to be minimized. The radio frequency (RF) bandwidth is related to
the velocity mismatch between the optical and RF waves and the RF electrode loss. For low-
loss materials, the parameters n.p,, (effective optical wave refractive index) and ngp,s
(effective RF wave refractive index) are required for evaluation of f3,5, the RF bandwidth of
the electro-optic modulator, which is given by f345 = ;zL(neﬂ_l(;lic_ Mofrrt) >
of the electro-optic modulator and c¢ the speed of light in vacuum. We assume that the
electrode loss o is negligible here. The index ngp.,p is estimated using a ridge waveguide
configuration as discussed in the previous section and a typical result is shown in Figure B-

Bottom Au absorption loss (dB/cm)
n
/,
1

where L is the length

3(a). The RF effective refractive index ngp.r is given by n, . = o where C is the
0

capacitance of the structure, as shown in Figure B-1, with known dielectric constants for the
materials used for a unit length segment of the waveguide, and Cy is the capacitance while
the materials are replaced by air for the same unit length segment. Figure B-3(b) shows one
of the typical simulation results for the external electric field distribution with the ridge
waveguide structure.
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Figure B-3. One of the simulation results. (a) The external electric field distribution of
the current EO modulator, and (b) the optical mode distribution of the EO modulator.

Another factor needed to be addressed for high-speed EO modulation is the characteristic

1
c,/CC,
easier than inorganic materials to match characteristic impedance with the 50€2 transmission
line impedance and minimize simultaneously the mismatch between optical and RF waves to
achieve high bandwidth since organic materials have low dielectric constants and they are
readily processable to make EO active ridge type waveguide by themselves. In one of the
simulation samples based on SAS thin layers, the effective optic refractive index negop 1S
found to be 1.524 at a wavelength of 1.064 um. The capacitance of the sample C is 109.2
pF. When the materials are replaced by air, the capacitance Cy of the virtual sample is 43.04
pF, and the effective RF refractive index np.,r is 1.593. The characteristic impedance Z is
48.6 Q, which is quite close to the 50Q2 transmission line impedance. The difference
between np0p and negr is about 0.07, and therefore the mismatch is not a negative factor in
achieving a bandwidth of 40 GHz for a waveguide EO modulator based on SAS materials
and the above ridge structure.

impedance Z, linked with the capacitances by Z = For organic materials, it is

B.2. Device fabrication and characterization

The first three subsections discuss EO modulators based on SAS thin films grown by three-
and two- step processes and their characterization. The following two subsections are on the
EO modulators fabricated using EO active thin films by the vapor phase deposition methods.
The waveguide EO modulators are fabricated using a multistep process including e-beam
deposition, plasma-enhanced chemical vapor deposition, photolithography, and reactive ion
etching. The last subsection shows the materials characterization by direct EO coefficient
measurement.
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B.2.1. EO modulators based on three-step grown SAS thin films

The first self-assembled superlattice (SAS) based electro-optic (EO) modulator and relevant
switching voltage measurements were based on SAS thin films fabricated by three-step
process.

The waveguide configuration shown schematically in Figure B-4 has a four-layer stack
structure. The commercially available polymer Cytop™™ (a fluorinated polyether) is used for
the upper cladding layer, and SiO; is used as the lower cladding layer. In this work, we used
a 40 layer SAS combined with the polymer Cyclotene™ 3022-35 (poly bisbenzocyclobutane
or BCB) as the guiding layer. We have

measured the thickness of 40 layer SAS to be Top Hectrode

~150nm. All polymer waveguides with

Cytop/Cyclotene/Cytop structure demonstrated Cytop 2um
good transparencies (0.5 dB/cm) from 350nm BCB 1 um
to 1650nm wavelength ranges. The refractive SA40L  0.15 um
index of Cyclotene™ 3022-35 (n=1.56 at

wavelength of 1064 nm) is very close to that of 02 2pum
the SAS, and the refractive index of Cytop™ is Bottom Hectrode

1.34 at a wavelength of 1064 nm. SAS were
grown by molecular self-assembly.
Cyclotene™ and Cytop™ layers were spin-
coated onto the SAS layer. The channel waveguide patterns were defined by conventional
photolithography, and reactive ion etching (RIE) procedures were carried out to form a ridge
waveguide structure.

Figure B-4. Modulator device
structure

The electro-optic response of the waveguide was measured using the method described in the
next section. Figure B-5 shows the typical EO response of the modulator (5 mm long)
measured from the oscilloscope traces. The upper and lower traces in the figure represent the
applied electrical signal and the modulator output waveform, respectively. The half-wave
voltage-length product, V; -L is determined to be 175 V-cm. From the measured data, the
EO coefficient of the SAS material is estimated to be 21.8 pm/V.

T T
] Driving Voltage

Voltage

EO Modulator
0.059  Output /

T T T T T T
-1.5m -1.0m -500.0p 0.0 500.0p 1.0m

Photodiode signal (a.u.)
"

Time (sec)
Figure B-5. Switching voltage measurements of a self-
assembled EO modulator.
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B.2.2. EO modulators based on two-step grown SAS thin films

A new, expeditious two-step process has been developed and used for the growth of SAS
films. Prototype modulators with different structures have been fabricated and tested based
on the expeditious two-step process. With this process the SAS film can be grown at a rate
of about 40 minutes per bilayer (alternating chromophore and capping layer), and it is at least
one order of magnitude more rapid than the three-step deposition method. The automation of
the two-step process has been demonstrated and yielded high quality SAS thin films on
different substrates. Figure B-6 shows the design structure, and SEM images of the cross-
section of an SAS-based waveguide EO modulator fabricated on a GaAs substrate.

.‘!.'ll —_— 1
Cytop
BLCB
SAS
510,
T
GaAs
(a)

() (d)
Figure B-6. (a) Design structure, and SEM images of (b) cross-section, (c) ridge
waveguide before top cladding spin-coated, and (d) top view of electrodes.

The lower Au electrode layer was deposited using a standard E-beam evaporation process.
An SiO; layer was then deposited by the PECVD method. The EO-active SAS layers were
then grown on the SiO, layer, and were next covered with a layer of robust, electronic grade
polymer BCB. The BCB layer functions as part of the guiding core since it has a good
refractive index match with the SAS materials. Next, a low refractive index CYTOP
polymer was spin-coated on top of the BCB layer. Both CYTOP and BCB exhibit good
transparency over a wide wavelength range from the ultraviolet to infrared and are
commercially available. The spin coating conditions were adjusted for a Cytop layer having
a thickness of 1.8 um, and a BCB layer having a thickness of 1.5 pm. In order to form
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uniform films, each layer was baked in a conventional oven with nitrogen gas flow after spin
coating. Ridge waveguide patterns were next fabricated by etching the BCB to the SiO,
surface using RIE. Another layer of CYTOP was spin-coated on the ridge structure to form a
buried waveguide and to reduce the upper metal contact loss of the optical modes of the
waveguides. Finally, the top gold electrode was deposited by using E-beam evaporation and
lift-off methods.

We have measured waveguide loss based on the cut-back method (Figure B-7). A controlled
sample followed same fabrication process as that of the actual EO modulators was used for
the measurement. Waveguides were cleaved at different lengths and the intensity of the
transmitted light was measured using IR power meter. For the special case of two different
lengths by cutting the sample once, the loss, in unit dB/cm, is given by

Loss = 10*Logio [P1/P2)/[Z2-Z4],

where P; is the power at the output side of original waveguide, P, the power at the output
side of the cut-back waveguide, Z; the length of the original waveguide, Z, the length of the
cut-back waveguide.

Objective Lens Objective Lens

—— | =

Sample

Photodetector

—

T.aser Polarizer

Figure B-7. Schematic of loss measurement of waveguides.

We have also used the top-view method to estimate the loss in waveguides. This method is
based on the assumption that the decay of scattered light intensity observed from the top of
the waveguide represents the attenuation of the optical mode propagating along the length of
the propagating streak. The intensity of the trail of the top scattering light can be easily
detected by looking at the surface of the waveguide with a CCD camera.

The EO response of the waveguides was measured by end firing a laser beam from a diode
pumped Nd:YAG laser, and it was coupled in and out of the channel waveguide using a pair
of microscope objectives (Figure B-8). The device was operated by launching both
transverse electric and transverse magnetic modes into the waveguide. For recombining the
output polarizations, the output light passed through a polarizer oriented at 45° and normal to
the direction of the polarizer at the input. The light signal was finally coupled to a
photodetector, and was monitored by an oscilloscope. Figure B-9 shows a typical EO
response of the modulator measured from the oscilloscope traces.

The upper and lower traces in Figure B-9 represent the modulator output wave form and the
applied electrical signal, respectively. The half-wave voltage is evaluated to be at the
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Figure B-8. Schematic of EO response measurement of an SAS-based
modulator.

hundred volt level. The effective EO coefficient r is related to the half-wave voltage V, by
Ad

r=————, Where A is the wavelength of the optical wave, d the distance between the
ot —opt VLI

lower and the upper electrodes, n.4.., the effective optical refractive index, L the length of
the electro-optic interaction region, and I' the overlap integral factor of the optical and the

2
d ” E |E | dxdy
external electric fields, is given by I'=— , where the £, and E, are

4 ﬂ | E, 2dxdy

the amplitudes of optical field, and external electric field under an applied voltage of V,
respectively. The EO coefficient is thus estimated to be on the order of tens of pm/V.

@ Stop 4 Pos: 0,000
T g T

Coupling

B Limit Figure B-9. EO response of an SAS-

i
] z

based modulator monitored by
oscilloscope traces. The upper trace is
the modulator output wave form, and the
lower trace is the applied electrical
signal.

Q0my M 100ms  Ext Framv

B.2.3. EO Modulators based on symmetric waveguide structure

In order to achieve high overlap integral factor I" for EO modulator and hence reduce
driving voltage, symmetric waveguide EO modulator structure has been designed, fabricated,
and tested. There will be a factor of 4 improvement of this parameter if the thin film with
same thickness was sandwiched between two matching-index polymeric material layers
instead of being put on the edge of the ridge waveguide structure.
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Figure B-10 shows the design structure and an SEM image of the cross-section of an SAS-
based waveguide EO modulator fabricated on a GaAs substrate. The expeditious two-step
process has been used for the growth of SAS films. The lower Au electrode layer was

| Au
CYTOP
SAS
Lower Cladding
GaAs AN Au

Figure B-10. (a) Design structure, and (b) an SEM image of the cross section
of one EO modulator.

deposited using a standard E-beam evaporation process. An SiO; layer was then deposited
by the PECVD method. A thin BCB layer was then spin-coated and fully cured. The EO-
active SAS layers were then grown on the BCB layer, and were next covered with another
layer of polymer BCB. The BCB layers function as part of the guiding core since they have
good refractive index match with the SAS materials. Next, a low refractive index CYTOP
polymer was spin-coated on top of the BCB layer. Ridge waveguide patterns were next
fabricated by etching the BCB to the SiO, surface using RIE. Another layer of CYTOP was
spin-coated on the ridge structure to form a buried waveguide and to reduce the upper metal
contact loss of the optical modes of the waveguides. Finally, the top gold electrode was
deposited by using E-beam evaporation and lift-off methods.

Figure B-11 shows one typical EO response of the modulator measured from the
oscilloscope traces. The half-wave voltage is evaluated to be at the hundred volt level, and
the EO coefficient is thus estimated to be on the order of tens of pm/V. At room
temperature, the modulation characteristics of the devices exhibit negligible relaxation over a
period of several months. Experiments show that the SAS has good thermal stability during
the fabrication process involving multiplayer polymer curing, and e-beam deposition.

Tek LS @ Stop M Pos: 600.0,us TRIGGER
; . | s : : =T

e B e
4 W o' ERURY & | W Figure B-11. EO response of an SAS-
based symmetric waveguide modulator
monitored by oscilloscope traces. The
upper trace is the modulator output wave
form, and the lower trace is the applied
electrical signal.
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CH1 200VEy CH2+20.0mY M 500ms CHT . 104mY

15



The next two sections discuss two kinds of vapor phase deposited EO active thin films,
which have advantages of fast growth, high optical refractive index, and achievement of EO
effect without external electric field poling. Prototype waveguide EO modulators have been
fabricated using them as guiding layers with cladding layers having appropriate refractive
indices.

B.2.4. Electro-optic modulator based on novel self-assembled thin film of DTPT from
vapor phase deposition

The NLO-active chromophore (5-{4-[2-(4,6-diamino-[1,3,5]triazin-2-yl)-vinyl]-
benzylidene }-pyrimidine-2,4,6-trione (DTPT) containing H-bond donor and acceptor
modules was first designed and synthesized. The SA thin films were grown from the vapor
phase of DTPT on treated substrates. As the first step for the growth of self-assembled
DTPT thin films, a melamine group template was anchored on substrates with 3-
amonopropyltrimethoxysilane functionalization carried out by known procedures. The
reaction of 6-chloro-1,3,5-triazine-2,4-diamine with 1-propylamine was first carried out in
solution to optimize the functionalization reaction conditions for the substrates (Figure B-
12). The pyrimidine-2,4,6-trione and 4,6-diamino-1,3,5,-trizine-2-yl substituents form
longitudinally directed triple H-bonds between neighboring molecules with only head-tail
bonding allowed. Intermolecular longitudinal H-bonding interactions force the chromophore
molecules to preferentially align in the desired direction (head-tail, perpendicular to the
substrate surface) as thin solid films from the vapor phase (Figure B-13). Out-plane non-
centrosymmetric microstructures are achieved in the deposited films, and the acentricity is
intrinsic. Since H-bonding is far stronger than van der Waals forces, the dipolar orientation
has high temporal stability with robust film mechanical and environmental properties.

HoN N NHaH2NQ N NH
Y Y
NN =
Y Y
NH, NH, NH; NH NH

3} 3}
é é H.N | N\ N,H é é
} N\FN
Cl

'S‘i‘OMe /Si\ /S|\ _— /Si /Si\ -
IOH |OH MeO OMe ; 0 ;O (o} (;)\O (;) (0)
[ ] [ ] 3 [7 ]

Figure B-12. Functionalization of substrates for self-assembly.

A diffusion-pumped vacuum deposition apparatus ( ~10® Torr) was used to grow thin films
at a rate of 0.5 - 2 A/s on substrates with temperature of 100 °C. This approach is at least one
order of magnitude more rapid than the two-step siloxane-based solution deposition
methodology. A calibrated quartz crystal microbalance was used to monitor the film growth
rate and thickness. The adherent, stable SA thin films exhibit appreciable nonlinear
responses, characterized by second harmonic generation (SHG) at a wavelength of 532nm,
and a high chromophore surface density. The regularity of the SA thin films has been
demonstrated by absorption spectra and SHG responses of samples with different thickness
parameters. The SA thin films have been grown on SiO,, plasma treated polymers, and glass
substrates.
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Figure B-13. SA of DTPT on functionalized substrate through H-bonds. Out-plane order is
achieved.

Electro-optic waveguide modulators fabricated with DTPT have a three-layer stack
configuration. The lower Au electrode layer was deposited using a standard E-beam
evaporation process. An SiO, layer was then deposited by the PECVD method. The EO-
active SA layers were then grown on the SiO; layer after an anchor layer by vapor phase
deposition as described earlier. Since DTPT has a relatively large refractive index (~1.8 at a
wavelength of 632.8nm), simulation and experiment showed that 1 micron thick film is
sufficient for DTPT to function exclusively as the guiding layer of the waveguide. Next, a
low refractive index CYTOP polymer was spin-coated on top of the SA layer. CYTOP
exhibits good transparency over a wide wavelength range from the ultraviolet to infrared and
is commercially available. The spin coating condition was adjusted for a CYTOP layer
having a thickness of 1.8 pum. In order to form uniform film, the layer was baked in a
conventional oven with nitrogen gas flow after spin coating. Ridge waveguide patterns were
next fabricated by etching back to the SiO, surface using RIE. Another layer of CYTOP was
spin-coated on the ridge structure to form a buried waveguide and to reduce the upper metal
contact loss of the optical modes of the waveguides. The total thickness of the upper CYTOP
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cladding layer is about 1.4um. Finally, the top gold electrode was fabricated by using E-
beam evaporation and lift-off methods.

Figure B-14 shows a typical EO response snapshot of the modulator from oscilloscope
traces. The effective EO coefficient is thus estimated to be about 0.13 pm/V and is in good
agreement with the SHG measurement. Future chemical engineering of materials with
higher nonlinear coefficients will make this process promising.

Tek Tl @ Stop M Pos; 0.000s CH2
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o L Figure B-14. EO response of a
Sl prototype EO modulator based on
Volts/Di . . .
Foscl DTPT thin films. Trace 1 is the
ooy applied electrical signal, and trace
2 the response of the EO
. Invert modulator.
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B.2.5. Electro-optic modulator based on novel self-assembled thin film of PEPCOOH
from vapor phase deposition
The Structure of PEPCOOH is shown in Figure B-15. The compound has been designed

and synthesized with the following criteria in mind: (1) 7-excessive and w-deficient
heteroaromatics as key donor (D) and acceptor (A) NLO core building-blocks,

N N_. X .N
\ N .
OH Figure B-15. The chemical
structure of PEPCOOH.

O

—a

(2) presence of H-bond donor (DH) and H-bond acceptor (AH) groups to enforce
supramolecular alignment upon sublimation, (3) decoupling between D-A (optical) and DH-
AH (assembling) actions through proper molecular design, and (4) stabilization of the NLO
chromophore by the presence of groups/atoms that inhibit singlet oxygen-promoted
decompositions.

Thermal data show that the present chromophore is thermally very stable. More importantly,
TGA data indicate that vacuum-deposited film can be prepared without concomitant

chromophore decomposition.

PEPCOOH films can be fabricated on a variety of substrates (glass, quartz, silicon, GaAs,
Au-coated glass) by vacuum-deposition under the following experimental conditions:
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deposition rate = 0.2-0.3 A/s, chamber pressure ~ 107 Torr, substrate temperature = 25-
100°C. Film polar order parallel to the substrate normal has been unambiguously
demonstrated by second harmonic generation measurements.

To estimate the electro-optic coefficient of PEPCOOH thin film, electro-optic waveguide
modulators have been fabricated with BCB and PEPCOOH as core layers, and therefore have
a four-layer stack configuration. The lower Au electrode layer was deposited using a
standard E-beam evaporation process. An SiO, layer was then deposited by the PECVD
method.

A layer of robust, electronic grade polymer BCB was then spin-cast and fully cured. The
BCB layer functions as part of the guiding core. The EO-active SA layer were then grown
on the BCB layer by vapor phase deposition. Next, a low refractive index CYTOP polymer
was spin-coated on top of the PEPCOOH layer for process protection. To form uniform
film, the layer was baked in a conventional oven with nitrogen gas flow after spin coating.
Ridge waveguide patterns were next fabricated by etching back to the SiO, surface using
RIE. Another layer of CYTOP was spin-coated on the ridge structure to form a buried
waveguide and to reduce the upper metal contact loss of the optical modes of the
waveguides. The total thickness of the upper CYTOP cladding layer is about 1.4 pm.
Finally, the top gold electrode was fabricated by using E-beam evaporation and lift-off
methods.

Figure B-16 shows cross-section of a typical EO modulator, and an EO response snapshot of
the device is shown in Figure B-17. The EO coefficient is estimated in the order of tens of
pm/V.

Figure B-16. Cross-section SEM
image of a typical ridge waveguide
EO modulator based on PEPCOOH.

19



Figure B-17. EO response of a
prototype EO modulator based on a
PEPCOOH thin film. Trace 1 is the
applied electrical signal, and trace 2
the response of the EO modulator.

Deuteration of the hydrogen bonds should lower the absorption of the materials, and is
currently under investigation. Future chemical engineering of materials with higher
nonlinear coefficients will make this process promising since the growth rate is on the order
of ten hours and the thin films are flat enough for good waveguide fabrication.

B.2.6. Direct EO coefficient measurement

In order to quickly evaluate EO coefficients of EO active thin films without waveguide
fabrication, we have set up a high sensitivity direct EO coefficient measurement device based
on the Teng-Man method. Figure B-18 shows the schematic of the direct EO coefficient
measurement set-up configuration. TCO layer is deposited on substrate glass. The EO thin
films were grown on the TCO layer. Gold electrode is deposited on the EO thin films by e-
beam evaporation. The alternating current (AC) drive voltage is applied to the EO sample,
and the modulated signal is monitored and processed by an oscilloscope and lock-in
amplifier. The wavelength ranges are from 632.8 nm to 1550 nm using different laser
sources. The sensitivity of the measurement is about 1.0 pm/V under drive voltage of 10V.

Polarizer Analyzer Detector

Compensator

Glass

TCO Electrode

EO Sample

Au Electrode

Figure B-18. Teng-Man setup for measurement of thin films’ EO coefficients
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Figure B-19 shows a calibration measurement result of a LiNbO, crystal. The Teng-Man
measurement method uses the phase sensitivity, with the measurable phase change
AnL = (1/ 2)n3r33EL =n’r,V . From this figure, even with a drive voltage of about 0.3V,
we have detectable signal. The minimum phase change that can be measured is about
(AnL), =2.2"30(pm/V)*0.3V =96 pm. If we apply a drive voltage of 10V (the

upper limit of signal generator used) to the sample, the minimum EO coefficient we can
measure is

(r.),, =((AnL),, /n’V)=(96pm/2.2° *10V )~ 1pm/V .
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Figure B-19. Teng-Man measurement data for lithium niobate crystal. The evaluated value
of 32.3 pm/V for r33 is in good agreement with literature values.
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Appendix C. Materials Development

C.1. Streamlining the SAS growth process

A new, expeditious siloxane-based layer-by-layer assembly process for the formation of
intrinsically polar organic electro-optic thin films has been developed using highly reactive —
SiCl,I-functionalized, silyl-protected donor-acceptor azo-benzene chromophore derivatives
and octachlorotrisiloxane as a deprotecting reagent/interlayer precursor. This all-“wet-
chemical” two-step process can be efficiently implemented in a vertical dipping procedure to
yield polar films consisting of 80 alternating chromophore and capping layers. The procedure
is shown in Figure C-1. The nanoscale bilayers (chromophore +

. N

Capping layer —» 1
i .
R t >
e LI 22 TT Ry G\ s
Hydrophilic substrate 1

h h 7

e = Silyl protecting group Chromophore —» m(m!g y

Figure C-1. Schematic representation of the new two-step layer-by-layer self-
assembly of self-assembled superlattices. The procedure can be performed using
a single reaction vessel and standard cannula techniques, or by immersion of the
substrates in reagent and washing solutions within a nitrogen-filled glovebag.

polysiloxane layer = 3.26 nm thick) can be grown in ~ 40 min. — at least one order of
magnitude more rapidly than conventional siloxane-based solution deposition
methodologies. Chromophore monolayer deposition from solution reaches completion in ~15
min. at 55 °C (Figure C-2). The adherent, structurally regular assemblies exhibit appreciable
electro-optic responses (¥ ~180 pm/V and r33 ~65 pm/V at 1064 nm), high chromophore
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surface densities (~40 A%*/chromophore), and have been characterized by a full complement
of physicochemical techniques: optical spectroscopy (UV-vis), aqueous contact-angle (CA)
measurements, specular X-ray reflectivity (XRR), atomic force microscopy (AFM), and
angle-dependent polarized second harmonic generation (SHG). All of these measurements
show regular SAS growth up to 80 layers (e.g., Figures C-3, C-4).

0.8

Absorbance at 575nm
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Number of Bilayers

Figure C-3. Optical absorption spectra of SAS films at 575 nm as a function
of the number of chromophore-based bilayers. The solid line is the fit by
linear regression.
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Figure C-4. Absorption corrected square-root of SAS 532 nm SHG response
(Iw,m,edz”’) as a function of the number of bilayers.
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C.2. SAS refractive index tuning

The refractive indices of self-assembled organic electro-optic superlattices can be tuned by
intercalating high-Z optically transparent group 13 metal oxide sheets into the structures
during the self-assembly process (Figure C-5). Microstructurally regular acentricity and
sizable electro-optic responses are retained in this straightforward synthetic procedure. This
"one-pot" all wet-chemistry approach involves: (i) layer-by-layer covalent self-assembly of
intrinsically acentric multilayers of high-hyperpolarizability chromophores on inorganic
oxide substrates, (ii) protecting group cleavage to generate a large density of reactive surface
hydroxyl sites, (iii) self-limiting capping of each chromophore layer with
octachlorotrisiloxane, (iv) deposition of metal oxide sheets derived from THF solutions of
Ga(O'C3H7); or In(O'C3Hy)3, and (v) covalent capping of the resulting superlattices. Figure
C-6 shows the degree to which the SAS index of refraction can be tuned—unprecedented for
an organic electro-optic material.
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Figure C-5. Scheme for the introduction of high-Z metal oxide nanolayers into
SAS structures. The regular of X-ray determined film thickness as a function of
the number of layers is shown.
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Figure C-6. Index of refraction data for metal oxide intercalated SAS films.
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C.3. Introduction of high-response chromophores into SAS structures

A broadly applicable approach to the formation of self-assembled organic electro-optic
materials for high-speed switching is reported. This two-step "one-pot" all wet-chemical
method involves: (i) layer-by-layer covalent self-assembly of intrinsically acentric
monolayers of a new high-hyperpolarizability donor-acceptor chromophore (Figure C-7) on
inorganic oxide substrates, and (ii) in-situ chromophore deprotection concurrent with
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Figure C-7. Synthesis of new thiophene-based chromophore and the corresponding
high-hyperpolarizability n-propyl-3-trimethoxysilane pyridinium iodide salt for
SAS construction.

self-limiting “capping”/planarization of each chromophore layer with octachlorotri-

siloxane. The functional superlattices exhibit very large second-order responses, 7> =~ 370
pm/V, and a large macroscopic electro-optic coefficient, r33 = 120 pm/V, is estimated at Ay =
1064 nm.

A novel thiophene-containing chromophore (NU2) was also developed (Figure C-8). This
chromophore show great SHG response. Self-assembled monolayer was obtained via the first
generation methodology, which shows the * value be around 570 pm/V, and a large
macroscopic electro-optic coefficient, r33 = 190 pm/V, is estimated at 4y = 1064 nm.
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Figure C-8. Synthesis of new thiophene-containing chromophore (NU2).

C.4. Stability of SAS against irradiation

Two SAS samples (22 bilayers and 24 bilayers prepared according to the scheme shown in
Figure C-1) were irradiated to test the stability property. The UV-vis spectra of the
irradiated samples show almost the same An.x and the absorption intensities as those before
irradiation (Figure C-9). SHG measurements show no nonlinearity decay after the
irradiation (Tables 1 and 2). The nonlinearities increased about 15% (22-bilayers sample),
and 4% (24-bilayers sample) respectively. Since SHG data were measured at different time
(before and after irradiation), the increase might be due to the error (~ 15%) caused by the
system fluctuation. More accurate measurements will be done at the same conditions.
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Figure C-9. UV-spectra of SAS before and after irradiation.

Table 1. Comparison of SHG intensities of 22-bilayers sample before and after irradiation

Before Irradiation 234.93217 2.97894 0.1126
After Irradiation spotl 201.56073 3.28714 0.1277
After Irradiation spot2 3.46013 0.1310
After Irradiation Average 0.1294

Table 2. Comparison of SHG intensities of 24-bilayers sample before and after irradiation

Iq(Zm) IS(2(n) (IS(Zm) / Iq(Zm))l/Z
Before Irradiation 234.93217 3.94764 0.1296
After Irradiation spotl 201.56073 3.59825 0.1336
After Irradiation spot2 3.78371 0.1370
After Irradiation Average 0.1353
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